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Abstract This survey provides a brief account for the start of organic super- 
conductivity motivated by the quest for high Tc superconductors and its devel- 
opment since the eighties'. Besides superconductivity found in ID organics in 
1980, progresses in this field of research have contributed to better understand 
the physics of low dimensional conductors highlighted by the wealth of new 
remarkable properties. Correlations conspire to govern the low temperature 
properties of the metallic phase. The contribution of antiferromagnetic fluctu- 
ations to the interchain Cooper pairing proposed by the theory is borne out 
by experimental investigations and supports supercondutivity emerging from a 
non Fermi liquid background. Quasi one dimensional organic superconductors 
can therefore be considered as simple prototype systems for the more complex 
high Tc materials. 

Keywords Superconductivity • Organic superconductors • One dimensional 
conductors 
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1 Superconductivity in the seventies 

Bardeen, Cooper and Schrieffer (BCS)[T1 had emphasized in 1957 the existence 
of a two body attractive interaction between charge carriers (either electrons 
or holes) being a prerequisite for a Bose condensation of electron pairs into the 
superconducting state. This net attractive coupling in spite of the Coulomb 
repulsion between carriers of the same sign relies closely on an attraction be- 
tween electrons mediated by their interaction with excitations of the lattice 
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namely, the phonons. In addition, a major achievement of the BCS theory has 
been the understanding of the ionic mass dependence of the critical temper- 
ature i.e. (TcQ;M~^/^). Although Frohlich had proposed in 1954 a model for 
superconductivity based on the involvement of the lattice [5] this theory was 
unable to account for the superconductivity of metals but turned out to be 
quite relevant later for the interpretation of the transport properties in some 
one dimensional organic compounds, vide infra. 




The search for new materials exhibiting increased critical temperatures 
Tc has been a strong motivation for research since the initial discovery of su- 
perconductivity by Kamerlingh OnnesjHI in 1911. The rise of Tc has been rel- 
atively slow during the first 50 years as shown on figQ with some kind of a 
saturation in the sixties. 

At the beginning of the 60's the term high temperature superconductor was 
already commonly used refering to the intermetallic compounds of the A15 
structure, namely, (NbaSn or VaSi)!!] see fig([l]). These superconductors are 
still until now the materials used for building most superconducting magnets. 

However, some new concepts for superconductivity had been recognized 
by Professor Friedel namely, the hidden ID nature of the A15 structure which 
provides an enhancement of the density of states at the Fermi level lying close 
to the van-Hove singularity of the density of states. Within the BCS formalism 
large Tc could in turn be expected. They were actually observed (17-23 K) but 
an upper limit was found to the increase of Tc since the large value of N(Ef) 
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makes also the structure unstable against a cubic to tetragonal band Jahn- 
Teller distortion f5^,'6^. Labbe, Barisic and Friedel made the remark in 1967 that 
Tc 's of A15 compounds were not much influenced by the characteristic energy 
of the phonon spectrum but determined by the narrowness of the density of 
states at Fermi level. They also showed that the band filling of actual com- 
pounds such as NbaSn and VsSi makes their Tc 's optimum [7] ■ Consequently, 
based on metallurgical considerations, some authors at the end of the seventies 
considered 25-30 K, as an upper limit for [S]- 

1.1 Some explorers 

Although, at that time all attempts to increase were still based on the BCS 
phonon-mediated theory with its strong coupling extension[51ll0j some new 
paths were proposed. 

A few years after the BCS paper, Kohn and Luttinger proposed a new 
mechanism for superconductivity \ 1 11 still based on the pairing idea although 
the attraction is no longer phonon-mediated. The attraction derives from an 
extension of Friedel'density oscillations around charged impurities in metals [l2l 
I13j . This mechanism is an entirely electronic process. However, the expected 
critical temperature should be extremely small in the milli Kelvin range but 
Kohn and Luttinger emphasized that flat Fermi surfaces or van Hove singu- 
larities could greatly enhance the actual Tc . 

Expending the successful idea of the isotope effect in the BCS theory other 
models were proposed in which excitations of the lattice responsible for the 
electron pairing had been replaced by higher energy excitations namely, elec- 
tronic excitations, with the hope of new materials with Tc higher than those 
explained by the BCS theory. Consequently, the small electronic mass nic 
of the polarizable medium would lead to an enhancement of Tc of the order 
of {M/niey^'^ times the value which is observed in a conventional supercon- 
ductor, admittedly a huge factor. V.L.Ginzburg [T4l[T5| considered in 1964 the 
possibility for the pairing of electrons in metal layers sandwiched between 
polarizable dielectrics through virtual excitations at high energy. 

It is illuminating to have a look on figQ at the compound Ba(Pbo.8Bio.2)03 
reported to become superconducting at 13 K 16J. This was in 1975 the highest 
Tc ever observed for an oxide. With this high temperature superconductivity 
in the perovskite series Ba(PbBi)03, Deja Napoleon pointait sous Bonaparte\ 
But, as Edelsack, Gubser and Wolf wrote in their introduction for the confer- 
ence proceeding on Novel Superconductivity edited by Wolf and Kresin[T7]. 
Organics were those who decided to forge revolutionary paths in the quest for 
high Tc . 

In this respect, W. A. Little had made an interesting suggestion in 1964|181 
[T5] : a new mechanism for superconductivity supposed to provide to a drastic 
enhancement of the superconducting Tc to be observed in especially designed 
macromolecules. The idea of Little was indeed strongly rooted in the extension 
of the isotope effect proposed by BCS. 
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However, a prerequisite to the model of Little was the achievement of 
conduction in molecular crystals namely, new types of conductors in which the 
conduction would proceed through the transport of charge between molecular 
orbitals rather than atomic orbitals. 

Actually, the concept of a synthetic metal had aleady been launched by 
McCoy and Moore pp] when they proposed: to prepare composite metallic sub- 
stances from non-metallic constituent elements. As to the possibility of super- 
conductivity in materials other than metals, Fritz London in 1937|21j has been 
the first to suggest that compounds with aromatic rings such as anthracene, 
naphtalene,... might exhibit a current running freely around the rings under a 
magnetic field. 

The first successful attempt to promote metal-like conduction between 
open shell molecular species came out in 1954 with the synthesis of the molec- 
ular salt of perylene oxidized with bromine [52] although this salt was rather 
unstable. 



1.2 Organic metallicity 

Coming back to ID materials, the model of Little had not much in common 
with the early remark of London. It was based on the use of a long conjugated 
polymer such as a polyene molecule grafted by polarizable side groups |23). 
Admittedly, this formidable task in synthetic chemistry has not reached its 
initial goal but the idea to link organic metallicity and one dimensionality was 
launched and turned out to be a very strong stimulant for the development of 
organic superconductors. 

One dimensional conductors had been regarded previously as textbook ex- 
amples by Peierls[24], who stated a theorem according to which a gap should 
spontaneously open at the Fermi level in the conduction and lead to the sta- 
bilization of a dielectric insulating state at low temperature ruining therefore 
any further hope for superconductivity. The point is that the seminal paper 
of Little [H] which was still based on the popular Fermi liquid BCS theory 
had made the assumption that the enhanced Cooper pair attraction would be 
strong enough to overcome the energy gain of a Peierls-distorted chain. Need- 
less to say that a lot of basic problems namely, the possibility of synthesizing 
conducting polymer chains and the competition against a Peierls distorsion, 
had been overlooked. Eighteen years later the Peierls transition has been es- 
tablished in platino-cyanate chains '25]. 

Bychkov et-al^E\ criticized the model of Little regarding its potentiality 
to lead to high temperature superconductivity. Following Bychkov et-al, the 
one-dimensional character of the model system proposed by Little makes it a 
unique problem in which there exists a built-in coupling between supercon- 
ducting and dielectric instabilities. It follows that each of these instabilities 
cannot be considered separately in the mechanism proposed by Little in one 
dimension and last but not least, fluctuations should be very efficient in a ID 
conductor to suppress any long range ordering to very low temperature. These 
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remarks proved to be very pertinent for the development several decades later 
of the adequate theoretical framework needed for organic superconductivity. 

A major step was accomplished in 1970 towards the discovery of new 
materials for superconductivity with the synthesis by F.Wudl[23 of the new 
molecule tetrathiafulvalene, (TTF). This molecule containing four sulfur het- 
eroatoms in the fulvalene skeleton can easily donate electrons when it is com- 
bined to electron accepting species. This discovery has deeply influenced the 
subsequent evolution of the chemistry of organic conductors. 



1.3 The charge transfer period, first organic conductors 

The TTF molecule containing four sulfur heteroatoms in the fulvalene skeleton 
can easily donate electrons when it is combined to electron accepting molecules 
allowing the synthesis of the first stable organic metal, the charge transfer 
complex, TTF — TCNQ . The system is made up of two kinds of flat molecules 
each forming segregated parallel conducting stacks. This compound can be 
recognized as an organic conductor as the orbitals involved in the conduction 
(tt-HOMO and tt-LUMO for TTF and TCNQ respectively) are associated with 
the molecule as a whole rather than with a particular atom with carriers in 
each stacks provided by an interstack charge transfer at variance with other 
organic conductors such as the doped conjugated polymers. 

The announcement of a large and metal-like conduction in TTF — TCNQ 
was made in 1973, simultaneously by the Baltimore|25] and Pennsylvania [H] 
groups. The Pennsylvania group made a provocating claim announcing a giant 
conductivity peak of the order of 10^ {f2cm)~^ at 60 K arising just above a 
very sharp transition towards an insulating ground state at low temperature. 
This conductivity peak was attributed by their authors to precursor signs of 
an incipient superconductor. Unfortunately, the conductivity peak with such 
a giant amplitude could never be reproduced by other groups who anyway 
all agreed on the metallic character of this novel molecular materiallSU]. Be- 
sides, the Orsay group showed from X-ray scattering studies that the metal 
insulator transition at 59 K was the consequence of the instability of a con- 
ducting chain predicted by Peierls[3T]. The X-ray diffuse scattering study did 
provide an important information namely, the band filling of TTF — TCNQ is 
incommensurate with a charge transfer of p = 0.59 at 300 K|31]. 

It is the study of transport properties under pressure which settled the 
origin of the conductivity peak of the conducting phase before the Peierls 
transitioin at 59. Driving the charge transfer through a commensurate value 
p = 2/3 under the pressure of « 18 kbar provided the proof for collective 
Frohlich fluctuations in a ID regime leading in turn to a large enhancement 
of the ordinary single particle conduction as long as the wave length of these 
CDW fluctuations is not commensurate with the underlying lattice in par- 
ticular under ambient pressure [32J, see fig([2]). High pressure appeared to be 
a parameter far more influencial for organic conductors than for regular met- 
als, it suppressed the onset of the Peierls instability in TTF — TCNQ [34] but 
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Fig. 2 Isothermal pressure dependence of the longitudinal conduction of TTF — TCNQ 
showing a drop of the conduction in the commensurability (x3) domain of the fluctuating 
Frohlich contribution due to pinning by the lattice^S]. The ratio a-{80K)/a{290K) is evolv- 
ing from 18 to 3 from ambient pressure up to 18 kbar and rising again at higher pressures. 

failed to reveal any sign of superconductivity possibly with a high Teas ex- 
pected from the work of Horovitz ei-a?|35j when phonons become soft in the 
vicinity of the Peierls transition. 

The Orsay high pressure experiments on TTF — TCNQ have been extended 
recently up to the pressure domain of 80 kbar by the Osaka group |34j as 
shown on fig(|3|. The early high pressure Orsay results up to 30 kbar with 
commensurability arising around 18 kbar have be confirmed but in addition 
the Peierls transition is suppressed down to 31 K at 80 kbar, probably an effect 
of increased interstacks coupling. 

Furthermore, the role of ID electron-electron repulsive interactions has 
been recognized by the Akp signature in X-ray diffuse scattering experiments (36j 
Since decreasing the size of the Coulombic repulsion is expected to boost the 
conductivity of metals, other synthetic routes have then been followed. In the 
1970s, the leading ideas governing the search for new materials likely to exhibit 
good metallicity and possibly superconductivity were driven by the possibility 
to minimize the role of electron-electron repulsions and at the same time to 
increase the electron-phonon interaction while keeping the overlap between 
stacks as large as possible. This led to the synthesis of new series of charge 
transfer compounds which went beyond the known TTF — TCNQ system, for 
example changing the molecular properties while retaining the same crystal 
structure. It was recognized that the electron polarizability is important to 
reduce the screened on-site electron-electron repulsion and that the redox 
potential {AE)i/2 should be minimized, [571155] in order to fulfill this goal. 
Hence, new charge transfer compounds with the acceptor TCNQ were synthe- 
sized using other heteroatoms for the donor molecule, i.e. substituting sulfur 
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Fig. 3 Phase diagram of TTF — TCNQ under pressure measured by the Osaka group [3l] 
including the early Orsay data l32l up to 30 kbar. The position of the peak at 18 kbar for 
the Peierls transition corresponds to the dip of longitudinal conduction on fig([2]l. 



for selenium in the TTF skeleton thus leading to the TSF molecule where S 
stands for selenium Se. 

Much attention was put on the tetramethylated derivative of the TSF 
molecule which, when combined to the dimethylated TCNQ gave rise to TMTSF- 
DMTCNQ|3n]-The outcome of the high pressure study of this latter compound 
has been truly decisive for the quest of organic superconductivity [39 ll40ll4T] . 
First, the metal insulator transition located at 42 K has been identified by 
X-ray diffuse scattering experiments |32] as a Peierls transition driven by the 
TMTSF chain and a quarter filling of both donor and acceptor bands of this 
charge transfer compound has been derived from the measurement of the wave 
vector 2kp in the Peierls state. Second, for the first time the metallic state 
of an organic compound could be stabilized down to 1.2 K under pressure 
albeit without superconductivity [43] . Even if the reason for the stability of 
a metallic state in TMTSF-TCNQ above the pressure of 9 kbar is not fully 
established at the moment emphasizing the role of the donor stack (TMTSF) 
has been a strong motivation for the synthesis of new organic conductors with 
structures even simpler than those of two stacks charge transfer compounds. 
Fortunately, the Montpellier groupfUl had synthesized in 1978 a series of iso- 
morphous radical cationic conductors based on TMTTF (the sulfur analog of 
the TMTSF molecule) with an inorganic anion namely, (TMTTF)2X. These 
materials were all insulating at ambient pressure although some of them did 
reveal superconductivity under pressure much later and became quite impor- 
tant for studying the physics of ID conductors since it is the replacement of 
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TMTTF by TMTSF in the stoichiometric (TM)2X sah which opened the door 
to organic superconductivity |45j . 

2 A breakthrough in the eighties 

At the same time, the Copenhagen group led by Klaus Bechgaard and experi- 
enced with the chemistry of selenium succeeded in the synthesis of a new series 
of conducting salts aU based on the TMTSF molecule namely, (TMTSF)2X 
where X is an inorganic mono-anion with various possible symetry, spherical 
(PFg.AsFg, SbF6,TaF6), tetrahedral (BF4 ,C104,Re04) or triangular (NOa)!!!] 
All these compounds but the one with X= CIO4 did reveal an insulating 
ground state under ambient pressure. What is so special with (TMTSF)2PF6 




Q 1 Z 3 <. 



Fig. 4 Side view of (TMTSF) 2 CIO4 along the b axis. The structure of (TMTSF)2PF6 
is similar with centrosymmetric PF^ anions. First observation of superconductivity in 
(TMTSF)2PFg under a pressure of 9 kbar[46]. The resistance of two samples is normal- 
ized to the 4.5 K value. Two features are abnormal for the resistance of ordinary metals at 
low temperature, the strong temperature dependence below 4 K and the sublinear behaviour 
above Tc ■ They are both extensively discussed in Sees (3.4.1 and 3.4.3). 

, the prototype of the so-called Bechgaard salts, unlike previously investi- 
gated TTF — TCNQ , is the magnetic origin of the ambient pressure insulating 
state[17] contrasting with the Peierls-like ground states discovered until then. 
The ground state of (TMTSF)2PF6 turned out to be a spin density wave state 
similar to the predictions of LomerjiSj and Overhauser JS; for metals. The on- 
set of itinerant antiferromagnetism opens a gap at Fermi level and since the 
Fermi surface is nearly planar the gap develops over the entire surface. The 
magnetic origin of the insulating ground state of (TMTSF)2PF6 was thus the 
first experimental hint for the prominent role played by correlations in these 
organic conductors, fig(|4]). Superconductivity of (TMTSF)2PF6 occured at 1 
K once the SDW insulating ground state could be suppressed under a pressure 
of about 9 kbar[46]. The competition between a distorted phase and super- 
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conductivity had already been observed for instance in the transition metal 
dichalcogenides layer crystals under pressure such as 2H — NbSe2 [50] . How- 
ever, in this latter situation superconductivity preexisted in the low pressure 
metallic phase with a Peierls distortion due to the nesting of some regions of 
the Fermi surface [ST] decreasing the density of states at the Fermi level. As no- 
ticed by Fricdcl[52^ the effect of pressure on the Tc of 2H — NbSe2 compounds 
is likely to be an increase of N{Ep) by reducing the gaps on some parts on the 
Fermi surface leading to a concomitant enhancement of of . It is a situation 
at variance with what is encountered in (TMTSF)2PF6 since the SDW phase 
is truly insulating. While, superconductivity is optimized at the border with 
the SDW state, the reasons are quite different from what has been suggested 
for layer compounds as discussed below. 



2.1 A generic phase diagram 

In the mid-1980's, the isostructural family comprising the sulfur molecule with 
the same series of monoanions was investigated under pressure and it was 
reahzed that (TMTTF)2Xand (TMTSF)2X salts both belong to a unique 
class of materials forming the generic (TM)2X phase diagramf53], fig([5]). In 
particular, (TMTTF)2PF6 , although the most insulating compound of the 
phase diagram can be made superconducting at low temperatures under a 
pressure of 45 kbar [5i[l55] . The discovery of (TMTSF)2PF6 via the study 
of the generic phase diagram has thus contributed to the knowledge of ID 
physics much more than the phenomenon of superconductivity in an organic 
conductor. Because of their particular crystal structures, such materials can 
be considered at first glance as protoptypes for ID physics[57|, see also J. 
Friedelj58| for a short historical summary on the role of correlations in organic 
conductors. 

What ID physics means in a nutshell, is the replacement of Landau-Fermi 
quasiparticles low lying excitations by decoupled spin and charge collective 
modes [5^160) . The model for ID conductors starting from a linearized en- 
ergy spectrum for excitations close to the Fermi level and adding the rele- 
vant Coulomb repulsions which are responsible for electron scattering with 
momentum transfer and 2kp is known as the popular Tomonaga-Luttinger 
(TL) model. In this model the spatial variation of all correlation functions 
(spin susceptibihty at 2kp or Akp, CDW, Superconductivity) exhibit a power 
law decay at large distance, characterized by a non-universal exponent Kp 
(which is a function of the microscopic coupling constants) j61j. However an 
important peculiarity of (TM)2X materials makes them different from the 
usual picture of TL conductors. Unlike two-stacks TTF — TCNQ materials, 
(TM)2X conductors exhibit a band filing which is commensurate with the un- 
derlying ID lattice due to the 2:1 stoichiometry imposing half a carrier (hole) 
per TM molecule. Consequently, given a uniform spacing of the molecules along 
the stacking axis the unit cell contains 1/2 carrier, i.e. the conduction band 
is quarter-filled. However, non-uniformity of the intermolecular spacing had 
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Fig. 5 Left. Generic phase diagram for (TM)2X compounds 1531 based on the sulfur com- 
pound (TMTTF)2PFg under ambient pressure as origin for the pressure scale . Phases with 
long range order are shaded. Tp and T* mark the onset of ID charge localization and 1D/2D 
deconfinement respectively. The dashed line between 2D and 3D regimes defines the low tem- 
perature domain for 3D coherence. Right. Pressure dependence of the transport activation. 
The activation for the c axis transport (Ac) although decreasing under pressure survives up 
to high pressures while the longitudinal transport (Aa) is no longer activated above 15 kbar 
when a dimensional cross-over occurs at the temperature T* |56| . 



been noticed from the early structural studies of (TMTTF)9X crvstalsl62) due 
to the periodicity of the anion packing twice the periodicity of the molecluar 
packing. This non- uniformity provides a dimerization of the intrastack overlap 
which is important in the sulfur series (prominent 1/2 Umklapp scattering) 
but still present although less developed in some members of the (TMTSF)2X 
series. 

An important consequence of the commensurate situation for (TM)2X ma- 
terials is the existence of localization channels due to electron-electron Umk- 
lapp scatterings with momentum transfer Akp (two particles scattering) or 
8kp (four particles scattering) corresponding to half or quarter-filled bands 
respectively ^63»i64j- This localization is a typical outcome of ID physics in the 
presence of repulsive interactions and leads to a charge gap Ap in the quasi- 
particle spectrum although no ordering is expected at any finite temperature 
for a purely ID system. The spin sector remains gap-less on account of the 
separation between spin and charge degrees of freedom in ID conductors. For- 
tunately, most features of the ID localization and the physical properties of 
this electron gas can be studied by transport and optical properties of the ma- 
terials. The most salient effect is the existence of a minimum of resistance at Tp 
below which the resistance becomes activated. According to the theory of the 
commensurate ID electron gas worked out by a number of authors, using the 
extended Hubbard, DMRG and bozonisation models, (see references |65tl66] for 
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further reading) it has been shown that both Umklapp mechanisms compete 
for the estabhshment of the charge gap, 1/4 and 1/2 Umpklapp scatterings 
leading to charge ordered and Mott insulators respectively [57] ■ 

As long as the carriers are localized on individual stacks, the Mott gap 
prevents the formation of electron hole pairs and in turn any hopping to 
neighboring stacks ^68,, 65]. Therefore, even if a finite interchain coupling tb 
already exists according to the band structure calculation in real materials, 
it is not recognized as a pertinent quantity. The carriers are confined on in- 
dividual stacks as long as Ap remains finite. The ID confinement is affected 
by pressure due first to the weakening of the correlations and second by the 
interplay between the ID localization and the single particle interchain hop- 
ping tb- Once the interchain single particle hopping (increased by pressure) 
reaches the order of magnitude of the Mott gap, confinement ceases and the 
existence of a quasi-lD Fermi surface becomes meaningful|64 l [69 l [70] . In some 
respects the deconfinement observed under pressure around 15 kbar on fig ([5]) 
is the signature for a crossover from strong to weak coupling in the generic 
phase diagram. The Neel phase turns into an ordered weak antiferromagnet 
(spin density wave) at the deconfinement pressure. 

On the left side of the generic diagram the Mott localization, the conse- 
quence of Umklapp scattering as a one dimensional effect in a TL electron gas 
does not establish long order. Various types of range orders occur only at low 
temperature in this ID Mott-localized sector. 

On the very left side of the generic diagram on fig([5]) a phase transition 
towards a long range ordered insulating phase has been observed in the charge- 
localized temperature sector. This phase at low temperature has been ascribed, 
according to NMR data, to the onset of a charge disproportionation between 
molecules on the molecular chains [71]. Since the charge of this low temperature 
phase (see, the CO state on the left side of the generic (TMTTF)2PFg diagram, 
figure ([5]), is no longer uniform ferroelectricity can be expected as shown by a 
signature in dielectric measurements [7^ . The stability of the CO state (often 
called a Wigner state) is a direct consequence of the long range nature of the 
Coulomb repulsion which, in terms of the extended Hubbard model, amounts 
to finite on-site U and second-neighbours V repulsions. Increasing pressure, 
spins localized on dimers of molecules couple to the lattice and formed a spin- 
Peierls ground state evolving possibly through a quantum critical point [75] 
into a Neel antiferromagnetic phase under pressure. 

2.1.1 The generic diagram studied by transport 

Regarding the upper part of the diagram on fig([5]) a metal- like behaviour of the 
longitudinal resistance is still be oberved at T larger than Ap leading to a resis- 
tance displaying a power law p{T) « (0 > 0) . Experimental studies have re- 
vealed such a metallic behaviour for the resistance either in (TMTTF)2X under 
pressure |56ll7i] or in (TMTSF)2Xeven at ambient pressure[33]. What has been 
found is a sublinear exponent, namely a = 0.93 for the constant volume tem- 
perature dependence of the (TMTSF)2PF6 resistance [561174]. 
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Transport experiments can be explained within the theoretical framework 
of commensurate conductors with commensurability one or two. However, 
in the case of half-filling (commensurability one) the Luttinger parameter 
Kp should be very close to unity (very weak repulsive interactions) since 
— AKp — 3. A situation which implies weak coupling Kp « 1 (nearly 
free electrons) would be hard to reconcile with the exchange enhancement 
of the spin susceptibility, an other sign for the role of correlations |69]. On the 
other hand, when quarter-filled Umklapp scatterings prevail at high temper- 
ature 6 = 16Kp — 3 and consequently Kp = 0.23 according to the data of 
(TMTSF)2PF6 . 

Other arguments in favour of a predominance of the quarter-filled Umklapp 
scattering above Tp are given by two additional experimental features. 

First, the phase diagram of an organic salt (EDT - TTF - CONMe2)2AsF6 
in which for symmetry considerations (the absence of inversion center be- 
tween adjacent molecules along a stack and the existence of a glide plane 
symmetry [7S]) dimerization is prevented, hence 1/4- Umklapp scattering is 
the only channel left to explain the carrier localization in this ID conductor. 
In spite of the different structures the high temperature limit of phase dia- 
grams of (EDT - TTF - CONMe2)2AsF6 and (TM)2X are fairly similarI7|. 

Second, the temperature dependence of the transverse conduction along the 
least conducting c direction which displays an insulating behaviour below room 
temperature going through a maximum around T* « 80—100 K and becoming 
metallic at lower temperatures. In this metallic regime the transverse resistance 
is remaining several orders of magnitude above the Mott-Ioffe critical value 
which is considered as the limit between metal and insulating-like transport 

As long as coherence is not established between 2 D planes, transverse 
transport requires tunneling of Fermions {at variance with the longitudinal 
transport which is related to ID collective modes) between neighbouring chains 
and therefore probes the amount of quasi particles (QP) existing close to Fermi 
level. The insulating character of the transverse transport at high temperature 
can thus be interpreted as the signature of a non Fermi-Landau behavior '78] . 
When transport along the c-direction is incoherent, transverse conductivity 
probes the physics of the a — 6 planes namely, the physics of the weakly 
interacting Luttinger chains in the a — b planes. The resistivity along the least 
conducting direction depends on the one-electron spectral function of a single 
chain and reads Pc{T) sa yi-2ar7gi where a is related to Kp, (a = \{Kp + 
1/Kp — 2). It is again a Kp of about 0.25-0.30 which is found experimentally 
in (TMTSF)2PF6 [ig. 

2.1.2 1D-2D crossover 

The temperature T* where the c*-axis transport switches from an insulating 
to a metallic temperature dependence corresponds to a cross-over between two 
regimes, see fig([5]); a high temperature regime with no QP weight at Fermi 
energy (possibly a TL liquid in the ID case) and another regime in which 
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the QP weight increases with decreasing temperature. This picture does not 
necessarily imply that the transport along the c-direction must also become co- 
herent below the cross-over since the c-axis transport may remain incoherent 
with a progressive establishment of a Fermi liquid in a — 6 planes at tem- 
peratures below T*. Consequently, the temperature dependence of transport 
properties along a and c-axes in the ID regime above T* lead to a deter- 
mination of Kp of order 0.23 in (TMTSF)2PF6 and (TMTTF)2PF6 under a 
pressure of 12-15 kbar respectively. The Luttinger parameter is much smaller 
in (TMTTF)2PF6 at ambient pressure [5S]. {Kp=0.18) due to the enhance- 
ment of correlations in the left region of the phase diagram, fig([5]). Opti- 
cal data measured throughout the entire generic diagram reach fairly similar 
conclusions [80 . 

The decrease of the charge gap under pressure, fig ([s]), is due to a weakening 
of intra chain correlations moving from left to right in the diagram. Carriers 
are confined on the ID chains and the transverse coupling renormalized by 
intrachain interactions is not pertinent |81j. 

However, when this gap becomes of the order of the bare kinetic transverse 
coupling a close interplay between this gap and the transverse coupling occurs 
giving rise to the sharp suppression of the localization observed around 15 
kbar in (TMTTF)2PFg . At higher pressures the transverse coupling becomes 
pertinent and approaches the bare coupling which is increasing only smoothly 
under pressure. The deconfinement of the carriers is observed around T*. Be- 
low this deconfinement temperature charge excitations lose their ID character 
and resemble more and more what is expected in Fermi liquids (quasiparti- 
cles), leading in turn to a quadratic temperature dependence for the longitu- 
dinal resistivity. However, electron excitations of this "Fermi liquid" retain a 
low energy gap in the far infra-red spectrum in which most of the oscillator 
strength is carried by states above the gap coexisting with a very narrow and 
intense zero frequency peak in the conductivitv|82ll83j . 



2.1.3 2D-3D crossover 

A three dimensional anisotropic coherent picture seems to prevail at low 
temperature in (TMTSF)2X compounds according to the Kohler's rule |S3] 
and angular magnetoresistance oscillations observed in (TMTSF)2C104 and 
(TMTSF)2PF6 under pressure [551I551I571 I55] . In addition, optical reflectance 
data of light polarised along c* support the existence for (TMTSF)2C104 of a 
weak Drude behaviour in the liquid helium temperature domain when ksT < 
t±c |89j . However, the upper limit for the temperature domain of 3D coherence 
has been established comparing the temperature dependence of the resistivity 
along a and c*. This 3D to 2D crossover domain is defined by the temperature 
above which temperature dependences of both components of transport cease 
to be identical ^90j. The 3D coherence regime is plotted on the generic diagram 
of figure ([5]). 
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2.1.4 The generic diagram studied by optics 



It is remarkable that most features of the generic phase diagram presented 
on fig([5| are very well recovered by the study of low frequency excitations 
via the far infra red optical conductivity investigations performed on either 
different materials of the (TM)2Xseries or on a given compound under pres- 
sure. Compounds on the left of the diagram exhibit a charge gap Egap due 
to the ID Mott locahzation, Egap=nOO and 375 K for (TMTTF)2PF6 and 
(TMTTF)2Br respectively |71j. These values for the optical gap are indeed in 
fairly good agreement with the DC transport activation energy shown on fig([5]) 
since 2Aactivation = Egap. Moving towards right in the phase diagram, the 
optical evolves and resembles at low temperature the spectrum expected in 
doped Mott semiconductor, see fig(|6]), namely, a high frequency component at 
Lo > tb carrying most of the oscillator strenght, a correlation pseudogap located 
around 275 K and a narrow Drude peak carrying about 1% of the total oscil- 
lator strenght |91j. The high temperature ID TL properties of the system are 




Fig. 6 (Left ) Optical conductivity of a Mott insulator and of a doped Mott 
semiconductor[66] . The power law decay of the optical conductivity at high frequency de- 
pends on the Luttinger parameter Kp. (Right) Power law behaviour of the optical conduc- 
tivity for various (TM)2X compounds measured in the metallic phase at low temperature 
(except for ReOJwhich is an insulator due to the anion ordering below 180 K), according 
to references |9n[92] . 



consistently observed through the power law frequency dependence of the con- 
ductivity at high frequency above the correlation pseudogap, cf(uj) sa a;"'' with 
7 = 1.3 |83j . Such an exponent is actually in good agreement with transport 
data of the selenide series since Kp — 0.23 is recovered given the known relation 
"f—b-\QKp when quarter-filled band Umklapp scattering is dominant [Mj. 

The investigation of the pressure and temperature dependence of the op- 
tical conductivity of (TMTTF)2PF6 and (TMTSF)2PF6 [80,93 has also iden- 
tified for (TMTTF)2PF6 a Mott deconfinement when the Mott gap is approx- 
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imately twice tt and a dimensional crossover at T* for both systems revealed 
by the development of a Drude type response along b. 

Although not much work has been devoted to the optical response along 
the c* direction the study performed on (TMTSF)2C104 by Henderson et- 
a?[55] indicates that this compound is a 2D metal above lOK and that a 
small Drude response emerges at lower temperature characterisitic of a 3D 
anisotropic electron gas. 

3 The last five years 

At the turn of the 21''* century, the prominent role of AF fluctuations in the 
metallic phase next to the SDW phase and the proximity between super- 
conductivity and the magnetically ordered phase were both well established 
experimentallv [Mll95) . In addition, one was wondering about a possible con- 
nection between magnetism and electron pairing but even the symmetry of 
the SC order parameter was a very controversial topic. 

On the one hand early NMR studies had concluded to nodal superconduc- 
tivity in (TMTSF)2C104 [M] at variance the with more recent Knight shift 
measurements in (TMTSF)2PF6 suggesting triplet p-type pairing P7]. This 
latter possibility was actually in line with the claim of superconductivity sur- 
viving for certain orientations of the magnetic field beyond the field set by the 
Pauli limiting field ^b^Hp ~ 2.5 T where ordinary singlet pairs would become 
unstable on account of the Zeeman splitting for a Tc of 1.2 K. On the other 
hand a thermal conductivity study of (TMTSF)2C104 concluded to a nodeless 
superconductivity |5H] not necessarily associatd to s-wave superconductivity as 
odd parity such as a p-wave gap could explain the behaviour of temperature 
dependence of thermal conductivity. 

The clue could not come from a single experiment but from a coordinated 
experimental program with NMR in the superconduting state at UCLA[99]. 
a study of the role of non magnetic impurities on T^at Orsav fTOO] . field angle 
resolved calorimetry at Kyoto TUT and the study of transport in the metallic 
phase surrounding superconductivity at Sherbrooke [102ul03] . These questions 
will be addressed in the rest of this paper. 

3.1 NMR in the superconducting phase 

Regarding the spin part of the SC wave function, a triplet pairing was first 
claimed from a divergence of the critical field Hc2 exceeding the Pauli limiting 
value reported at low temperature in (TMTSF)2PFg under pressure when H 
is applied along the h' or a axes |104| and from the absence of any change in 
the ^''Se Knight shift at 105'. 

However more recent experiments performed at fields lower than those 
used in reference [105] for the work on (TMTSF)2PF6 did reveal a clear drop 
of the ^"^Se Knight shift tbelow in the compound (TMTSF)2C104 [99]. These 
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new data provided a conclusive evidence in favour of singlet pairing, (Figj?]). In 
addition, a step increase of the spin lattice relaxation rate versus magnetic field 
for both field orientations |j a and &' provided evidence for a sharp cross-over 
or even a phase transition occuring at low temperature under magnetic field 
between the low field rf-wave singlet phase and a high field regime exceeding 
the paramagnetic limit Hp being either a triplet-paired state [106lll07j or an 
inhomogenous Fulde-FerrcU-Larkin-Ovchinnikov state |108lll09j . 
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Fig. 7 '^''Se Knight shift vs T for (TMTSF)2C104 , for H//b' and a, according to reference 
|99| . The sign of the variation of Knight shift at Tc depends on the sign of the hyperfine 
field. A variation is observed only under low magnetic field. The difference of Tc for the two 
field orientations is due to the anitropy of Hc2 ■ The field of 4T is still lower than the critical 
field derived from the onset of the resistive transition {Hc2 ~ 5T), vide Sec(). 



3.2 Organic superconductivity and non magnetic impurities 

The recent finding of a strongly affected by the value of the elastic electron 
lifetime in the presence of non magnetic lattice defects has conclusively ruled 
out the s-wave hypothesis and suggested the existence of nodes with zeros of 
the SC gap on the Fermi surface^lOOj. 

Leaving the cation stack uniform in order to preserve the electronic struc- 
ture, a soft way of introducing non magnetic disorder scattering centers can 
be achieved by playing on the anion stacks. The role of the anion stack on the 
ground state is enhanced as soon as the anion located at an inversion center 
of the structure does not possess a central symmetry [TTU]. This is the case in 
particular for tetrahedral anions such as X = CIO4 which order at low temper- 
ature (Tyio =24K) in line with entropy minimization. As anion reorientation 
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requires a tunneling process between two states at equal energy but separated 
by a large potential barrier, the dynamics of orientation is a slow process at 
low temperature and becomes even slower under pressure when the tunneling 
barrier incraeses. Hence, for samples slowly cooled through Tao (in the so- 
called R-state) the orientation of the anions is uniform along the stacking axis 
but alternate along the b-direction leading in-turn to a doubled periodicity 
with a concomitant opening of an energy gap Aanion on the Fermi surface at 
±7r/2& and the creation of two sheets of open Fermi surfaces at +kp and -kp 
respectively. Fast cooled samples on the other hand reach low temperature in 
a state (the Q-state) where orientational disorder is frozen-in. The supercon- 
ducting state arises at a depressed Tc in a sample where homogenous anion- 
oriented domains coexist with anion disorder outside of these domains [TTT]. 
When the cooHng rate becomes fast enough in a Q state full disorder of the 
anions is preserved {£,anion < vp/ Aanion) and the single-sheet warped Fermi 
surface of the high temperature sructure prevails at low temperature leading 
in turn to the instability of the metallic phase against a SDW ground state 
at Tc;ni/i/=5K |lllj . Furthermore, it has been shown that neither the Pauli 
susceptibility [112] nor the density of states [TT3] of the normal phase are af- 
fected by the orientational disorder introduced by the fast cooling procedure 
as long as a superconducting ground state is observed. 

An other approach for the introduction of anionic disorder has been suc- 
cessful with the synthesis of an anionic solid solution involving anions of similar 
symmetry. 

The early studies by Tomic et-al [m] in (TMTSF)2(C104)(i-x)(R.e04)x 
have shown that both the low temperature conductivity and the transition 
towards superconductivity are very strongly affected by alloying although X- 
ray investigations have revealed that long range order is preserved up to 3% 
Re04 with a correlation length > 200A 114 . Single crystals of this solid 
solution with x in the range < x < 0.17 have been prepared with the 
usual electrocrystallization technique and studied for their behaviour at low 
temperature in a dilution fridge. Up to about 6% Re04 nominal concentration 
a SC transition is observed although depleted from the Tc in pristine samples. 
Meanwhile, an insulating ground state is stabilized above 10% Re04 or so. 
The criticial temperature has been determined from the temperature where 
Hc2 reaches a zero value, see figure ([8|. 

The data of fig ([8| show that the slope dHc2/dT follows Tc as this latter 
quantity is decreased upon alloying. This is the behaviour expected in a clean 
type II superconductor [115j . but in such a situation Tc itself should not be 
affected by non magnetic impurities. 

At higher impurity content, (a;=15%) a new behaviour has been observed. 
The anions still order below T^q remaining of the order of 24K as indicated by 
the concomitant drop of the residual resistivity (although smaller than what 
is observed in pristine samples). An upturn of the resistivity noticed at low 
temperature in the R-state can be ascribed to the onset of an insulating ground 
state at 2.35 K (as defined by the maximum of the logarithmic derivative of 
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the resistance versus T). A summary of this investigation is displayed on fig 
Q where T^is plotted against the residual (elastic) resistivity po- 

However, the determination of the elastic contribution is by no means an 
easy task. As the field of organic superconductors were developing over the 
years several situations regarding the behaviour of the resistivity of the metal- 
lic phase close to Tc could be obtained ranging from the classical Fermi 
liquid behaviour to a linear temperature dependence and even to a sublin- 
ear temperature dependence in the vicinity of T,. . The residual resistivity on 
fig Q has been determined by the extrapolated value to zero temperature 
of the linear behaviour observed below AK. The suppression of Tc is clearly 
related to the enhancement of the scattering rate in the solid solution. Since 
the additional scattering cannot be ascribed to magnetic scattering accord- 
ing to the EPR checks showing no additional traces of localized spins in the 
solid solution, the data in figure ^ cannot be reconciled with the picture of 
a superconducting gap keeping a constant sign over the whole (±fci?) Fermi 
surface. They require a picture of pair breaking in a superconductor with an 
unconventional gap symmetry. The conventional pair breaking theory for mag- 
netic impurities in usual superconductors has been generalized to the case of 
non-magnetic impurities in unconventional materials and the correction to Tc 
obeys the following relation |116[ll09j . 

with '4'{x) being the Digamma function, a = h,/2TkBT^ the depairing param- 
eter, T the elastic scattering time and T^ the limit of Tc in the absence of any 
scattering. The experimental data follow the latter law with a good accuracy 
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Residual resistivity (Q.cm) 

Fig. 9 Phase diagram of (TMTSF)2(C104)(i_j,)(Re04)x governed by non magnetic disor- 
der acording to reference II 00 1 . All circles refer to very slowly cooled samples in the R-state 
with different ReO^contents. The triangle at T = OK for the sample of po = 0.27(i7cr?i)~^ 
is metallic down to the lowest temperature of the experiment. When an upturn of the resis- 
tivity is observed signaling the onset of a SDW state no sign of superconductivity can be 
noticed down to the lowest temperature. The continuous line (red) is a fit of the data with 
the Digamma function and Tc° = 1.23K 



with TJ^ = 1.23-?^. The influence of non magnetic impurities on the super- 
conducting phase imphes the existence of positive as weU as negative values 
for the SC order parameter. It precludes the usual case of s-symmetry but is 
unable to discriminate between two possible options namely, singlet- (g) or 
triplct-p C/;[II7], see &g^. 
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Fig. 10 Possible gap symmetries agreeing with the different experimental results. The d- 
wave (or g-wave) symmetry is the only symmetry agreeing with all experiments, (yellow 
column on line). 



20 



Denis Jerome 



3.3 Doppler shift and paramagnetic limitation 



The response of superconductivity to non magnetic impurities and the loss of 
spin susceptibility at should be sufficient to qualify the d-wave alternative 



as the likely one among the various possiblities displayed on fig (10). In such 
a case, nodes of the gap should exist on the Fermi surface and could be lo- 
cated. This has been made possible via a measurement of the quasi particle 
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Fig. 11 a- Fermi suface of (TMTSF)2C104 at low temperature in the presence of an- 
ion ordering |118| . b- Angular dependence of C{(t>) at 0.14 K and 0.3 T according to 
reference [TOT], c- First and second derivatives of the data displayed on a. d- Sketch of the 
influence of a magnetic field on the quasi particle DOS. The contribution of Doppler-shifted 
quasi-particles to the DOS is minimum when the magnetic field is parallel to at one of 
the nodes (left or right) . e and f- Simulations of the specific heat in the vicinity of the angle 
(j) = using the band structure on figlTlB,). Arrows correspond to the different orientations 
of the magnetic field as shown on figJTTF. 



density of states in the superconducting phase performed in an oriented mag- 



netic field, 101^ , see figs (11 d and c). This experiment is based on a Volovik's 
important remark [119j that for superconductors with line nodes, most of the 
density of states in their mixed state under magnetic field comes from the 
supcrfluid density far outside the vortex cores. The energy of QP's in the su- 
perfluid density rotating around the vortex core with the velocity v<;(_Li/) is 
Doppler-shifted by the magnetic field and reads, 

5uj (xVs ■ Vi?(k) (2) 

where Vi;'(k) is the Fermi velocity at the k point on the Fermi surface. The 
Doppler shift can contribute to the DOS in the superconducting state as long 
as it remains smaller than the superconducting energy gap, i.e only for those 
k states located in the vicinity of gap nodes on the Fermi surface. Hence, 
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the contribution of the Doppler shift is minimum when the Fermi velocity at 



a node and the magnetic field are parallel according to eq (2), see fig(lli) 
and should contribute to a kink in the rotation pattern of C{4>). The Doppler 
shift has already been used extensively in the case of 2D superconductors 
expected to reveal line nodes probing the thermal conduction or the specific 
heat while the magnetic field is rotated in the basal Dlane [l20lll21j . For such 2D 
conductors Vi?(k) is usually colinear with k. Therefore, the angular resolved 
specific heat (or thermal conductivity) enables to reveal the positions of the 
gap nodes according to the angles corresponding to minima of specific heat 
(thermal conductivity) [120] . 

The situation is somewhat peculiar for QID Fermi surface. There, anoma- 
lies in the rotation pattern of Cy are expected at angles 0„ between H and 
Vi?(k„) where k„ corresponds to a nodal position on the Fermi surface. 

A simple model has been used to understand the data of angular resolved 
Cy of (TMTSF)2C104 [M]. The rotation pattern has been modeled by, 

7V(0) cx ^/WjH~^)I]nAn I sin{4> - (bn) I (3) 

where the first factor reproduces the anisotropic character of the critical field 
in the basal plane while the weighted summation over angles accounts for the 
existence of nodes at angles between the magnetic field and the special k„ 
points where the Fermi velocity is parrallel to H. The experimental observation 
of a rotation pattern at low field and low temperature which is non symmet- 
rical with respect to the inversion of (j) and the existence of kinks for C {(/)) at 



(j) = ±10° on fig (11d) have been taken as the signature of line nodes pUT] . 
According to the band structure calculation the location of the nodes on the 
Fermi surface becomes ky ^ ±0.255*. As the Pauli limitation is concerned, the 
superconducting phase diagram of (TMTSF)2C104 established by thermody- 
namic experiments indicates a value for the thermodynamic Hc2 along a of 
2.5 T for H \\ a much smalUer than the expected value of 7.7 T for the orbital 
limitation derived from the measurement of the temperature derivative of Hc2 
close to Tc for a clean type II superconductor [ITS] . On the other hand, along 
the two transverse directions orbital limitation is at work [101"] . The domain 
of field above the paramagnetic limit up to Hc2 derived from resistivity data 
where the specific heat recovers its normal state value requires further exper- 
imental investigations but it might be the signature of some FFLO phase as 



suggested by A. Lebed recently [122 



3.4 A Non-Fermi liquid metallic state 

Let us now address a question which had been raised 30 years ago namely the 
non conventional behaviour of electronic transport in the metallic state in the 
neighborhood of the superconducting state. It was noticed that the resitivity 
displays a linear temperature dependence in the low T regime becoming even 
sublinear in the very vicinity of the SC phase[46]. Such a behaviour is clearly 
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not following the expectation for electron electron scattering in a Fermi liquid 
wherep oc even in a 2D electron gas. 

An early explanation for this non-canonical behaviour had been attributed 
to the existence of paraconductivity in a quasi-one dimensional conductor 
above Tc [123] . The calculation of Azlamazov-Larkin diagrams based on a 
time dependent Ginzburg-Landau theory provided, (i) a 3D domain restricted 
to the very vicinity of Tc where the transverse coherence extends over several 
interchain distances d, i.e, ^_\_/d > 1 with a T~^^'^{lnT /TcY/'^ leading in 

turn to the classical l/(r— Tc)^^^ divergence of the paraconductivity and, (ii) a 
ID regime where ^^/d < 1 with a T^^^{lnT/Toy^/'^ where represents 
a renormalized mean field temperature, about one third of the actual mean 
field temperature [33 . 

Although the comparison between experiments and the theory for para- 
conducting fluctuations in reference [T^S] revealed a reasonable agreement in 
the 3D regime, it failed to reproduce the correct temperature dependence in 
the range 4-15K. 

The reinvestigation of transport of organic superconductors was necessary 
after similar non Fermi liquid behaviours with T- linear laws had been re- 
ported in a lot of new superconductors discovered after 1986. This had been 
achieved in two steps, first clarifying transport properties experimentally and 
theoretically below say, 20 K and second understanding the vicinity of the su- 
perconducting transition [AT /Tc ~ 0.2) with sublinear transport behaviour. 

3.4.1 NFL, A F fluctuations, normal phase spin susceptibility, transport and 
superconductivity 

A recent extensive study of the transport properties has been carried on in 
Bechgaard salts superconductors, (TMTSFjzPFe gS] and (TMTSF)2C104 [T^ 
as a function of pressure |102(ll03j . This study has focused on the electronic 
transport at low temperature in the low T limit. Let us first notice that the 
magnetic metallic background of (TMTSF)2PFg when superconductivity oc- 
curs under pressure although suppressed by the application of a magnetic field 
applied along the c* axis is far from being the expectation for a Fermi liquid 
where a canonical Korringa law for the nuclear spin lattice relaxation namely 
TiT = constant is expected. Instead, for (TMTSF)2PF6 under 9 and 11 kbar 



the law TiT = C(T + 0) is followed as shown on fig(12). The Korringa law 
is observed at high temperature say, above 25 K or so but the low tempera- 
ture behaviour deviates strongly from the standard relaxation in paramagnetic 
metals. 

This Curie- Weiss behaviour of the relaxation is to be observed in a 2D fluc- 
tuating ant iferromagnet [1 2511 1 2611 1 2 711 1 28 j with the positive Curie- Weiss tem- 
perature & providing the energy scale of the fluctuations. It is vanishingly 
small when pressure approaches Pc but rises rapidly under pressure. The van- 
ishing of this energy scale at Pc is thus a strong hint in favor of the existence of 
a magnetic quantum critical point (QCP) probably below Pc but hidden by the 
SDW/SC first order coexistence. On the other hand when becomes large 



Organic Superconductors: when correlations and magnetism walk in 



23 




-10 10 20 30 40 50 



Temperature (K) 



Fig. 12 Plot of the nuclear relaxation versus temperature according to the data of reference 
|94l . The 2D AF regime is observed below 15K and the small Curie- Weiss temperature 
of the 9 kbar run signals that this pressure is very close to a QCP probably hidden inside 
the SDW / SC coexistence domain. The Korringa regime is recovered above SOX. 



compared to T, the standard relaxation mechanism is recovered at low tem- 
perature in agreement with the very high pressure results. Consequently, a non 
standard behaviour is expected for the electron scattering at low temperature 
in case it is governed by spin fluctuations. 

Next, when transport of the metallic phase is examined a log-log plot of 
the resistivity minus the residual resistivity at low temperature versus T per- 
formed at every pressure reveals at once a temperature dependence evolving 
from linear at low temperature to quadratic in the high temperature regime 
with a general tendency to become quadratic even at low temperature when 
pressure is well above the critical pressure Pc [102] . It is clear that in the low 
temperature domain where linear and quadratic behaviours of the resistivity 
prevail the electron scattering cannot be due to phonons since the upper limit 
for electron-electron scattering should fall in the range below T < Ojj^jjy^/t± 
e.g, a temperature of the order of 200 K in a conductor such as (TMTSF)2PF6 . 

The existence of a linear temperature dependence of the resistivity is at 
variance with the sole dependence expected from the electron-electron 
scattering in a conventional Fermi liquid. This is clearly seen on a log-log plot 
of the resistivity versus T. 

An extension of the transport analysis under pressure up to higher tem- 
peratures 20 K) in (TMTSF)2PF6 [l03] has suggested that the linear law 
is actually the low temperature limit of a polynomial behaviour. Therefore, 
analysing transport data with a polynom, p{T) = po + AT + BT^ where pq 
is the linear extrapolation of the data below AK under a small magnetic field 
suppressing SC and the prefactors A and B are determined by a sliding fit 
procedure J£3j. Both prefactors are found to be T-dependent as displayed on 
figpl. 
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Fig. 13 Typical temperature dependence of the longitudinal resistivity of (TMTSF)2PF6 
below 20 K (a), and (TMTSF)2C104 at below 17 K (b), at zero field and under H = 0.05 
T along c* in order to suppress SC. The second order polynomial fit, p(T) = po + ■A{T)T + 
B{T)T'^ , according to the sliding fit procedure described in reference [103] is shown for the 
T intervals (2 - 6) K and (18 - 22) K or (13 - 17) K in blue and red respectively. The top 
inserts provide the temperature dependence of the A and B coefficients. 



There exists a high temperature domain {T > 20 K) in which the regular 

electron-electron Umklapp scattering obeys a Kadowaki- Woods law|l33] 
and a low T regime scattering (T <8K) where the scattering behaves more 
and more purely linear when pressure is close to Pc [102) . 

This study has first established a correlation between the amplitude of the 
prefactor A of the low temperature linear dependence of the resistivity and 
the value of the superconducting critical temperature Tc , fig(15). 

Superconductivity of (TMTSF)2PF6 has been observed up to the maxi- 
mum pressure of this experiment (20.8 kbar) where A is still finite. A sim- 
ilar relation between A and Tc is obtained using the linear term of the c* 
resistivity [90], As far as (TMTSF)2C104 is concerned, the response of Tc to 
high pressure is however different. A behaviour similar to that of (TMTSF)2PFg 
is noticed for both components of the resistivity in the low pressure domain but 
the existence of a critical pressure where Tc vanishes is observed around 10.4 
kbar. Such a behaviour specific to (TMTSF)2C104 can be attributed to the re- 
maining weak disorder of the CIO4 anions (even in slow cooled samples [135]) 
suppressing Tc when the mean distance between impurity centers and the su- 
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Pressure {kbar> Pressure (kbar) 

Fig. 14 (a) (P — T) phase diagram of (TMTSF)2PF6 deduced from resistivity measure- 
ments. The data points below 9.4 kbar (the coexistence regime) are deduced from measure- 
ments along the three crystallographic axes: down triangles for pa, squares for pt,, hexagons 
for pc, empty symbols for and full symbols for 'rgr' |129ll30| . Above the critical pres- 

sure (9.4 kbar), only longitudinal resistivity data are plotted: (red) circles from reference ll03l 
and (green) triangles from llSH . (b) Pressure dependence of the superconducting transition 
of (TMTSF)2C104 deduced from longitudinal resistivity measurements: (red) circles from 
reference [103] (the star at 1 bar is derived from a pc measurement IT32I ) and (green) triangles 
from |133| . Dashed-dotted horizontal lines (red or green) indicate the lowest reached temper- 
ature without superconductivity for both studies. The (red) continuous line is a linear fit of 
the data including the point at 1 bar. for (TMTSF)2PFg although strongly decreasing 
under pressure does not reveal any critical pressure for the suppression of superconductivity 
at variance with (TMTSF)2C104 in which no Tc can be detected at 10.4 and 17 kbar. Such 
a different behavior can be ascribed to the pair breaking effect of residual anion disorder in 
(TMTSF)2C104 under pressure fTOOl . see text. 



perconducting coherence length become of the same order of magnitude as 
discussed in Sec(3.2). Since (TMTSF)2PF6 is not concerned by this disorder 
effect it can be consider as an ultra pure type II superconductor. 

The region of the T — P phase diagram where antiferromagnetic fluctua- 
tions play a prominent role for the non elastic scattering can be conveniently 
defined by the temperature at which both contributions, the linear and the 
quadratic one are equal, T* = A/B where A and B are the values of the 
parameters at every pressure taken in the low and high temperature limits 
respectively. Figure( 16 ) displays this strong fluctuations domain. A similar 
behavior is obtained for (TMTSF)2C104 ^ . 

The correlation between A and Tc has suggested in turn a common origin 
for the inelastic scattering of the metallic phase and pairing in the SC phase 
(TMTSF)2PF6 [102] . 

The decomposition of the inelastic scattering term as the sum of linear and 
quadratic terms rather than a power law suggests that a regular Fermi liquid 
scattering channel is superimposed on a more unusual one, the latter being 
most likely connected to the scattering on low energy spin fluctuations. 

This has been shown indeed by scaling theory for the calculation of the 
electron-electron scattering rate close to spin-density-wave ordering in a quasi- 
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Fig. 15 Coefficient A of linear resistivity as a function of Tc plotted versus Tc/Tco for 
{TMTSF)2PF6 . Tc is defined as the midpoint of the transition and the error bars come 
from the 10 % and 90 % points with T^o = 1.23K under the pressure of 8 kbar which 
provides the maximum in the SDW / SC coexistence regime. The dashed line is a linear 
fit to all data points except that at Tc = 0.87 K, 



ID metal (the results are summarized in reference [103]). Near the critical pres- 
sure, where spin density wave connects with superconductivity {vide infra), 
spin fluctuations are strong and their spectrum is sharply peaked at very low 
energy LOgf, which is comparable to or smaller than temperature T (see, e.g., 
reference 1 128j ). Under these conditions, their contribution yields a clear linear 
temperature dependence for the scattering rate, a known result for electrons 
interacting with low-energy bosonic spin modes in two dimensions (see e.g., 
[136) ). Moving away from critical pressure, spin fluctuations decrease as shown 
on fig(16). 

This corresponds to an intermediate situation where electrons scatter on 
both low and sizable energy modes. The former modes are still responsible 
for a linear term, though with a decreasing amplitude under pressure, while 
the latter modes favor the opening of a different scattering channel at high 
energy which fulfills the Fermi liquid requirements {uJsf ^ T). Scaling theory 
calculations confirm that as one moves away from the critical pressure, the 
scattering rate is no longer perfectly linear in temperature above , but 
develops some curvature that is fitted quite satisfactorily by the aT + hT^ 
form (see fig(lO) of reference [TU3j). 



3.4.2 Scattering and pairing, a common origin 

Besides the seminal suggestion of Little for a non-phonon pairing mechanism in 
organics|18). several authors have have made proposals for non-phonon pairing 
in inorganic metals. Let us emphasize some of the early works. In the context 
of the superconductivity in heavy fermions metals discovered the same year as 
organic superconductivity [139], J. Hirsch has performed a Monte Carlo sim- 
ulation of the Hubbard model showing an enhancement of anisotropic singlet 
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Fig. 16 Phase diagram of (TMTSF)2PF6 showing the limit T* for the domain of dominant 
AF fluctuations (NFL metal) at the origin of the T linear resistivity (dotted line). The 
two stars data points above the SDW ground state are given by the temperature for the 
minimum of spin lattice 1/Ti relaxation |137) . In the FL metallic regime the temperature 
dependence of the resistivity is quadratic however high frequency optical conductivity data 
(io > lOOOcm"^) still provide a power law decay which is reminiscent of the Luttinger liquid 
behaviour |91II80II93I . The dashed line shows the pressure dependence of the AF fluctuations 
energy scale (0) derived from the temperature dependence of T\T using the data from 
reference [137] ■ A similar behaviour for versus P has been obtained by Bourbonnais and 
Sedeki lT38) using data of (TMTSF)2PF6 under pressure published by Brown and Wu [T26l 
1125) . Be aware of the 3 kbar difference between pressure scales of UCLA and Orsay for 
the phase diagram of (TMTSF)2PF6 . 

pairing correlations due to the on site Coulomb repulsion leading eventually 
to an anisotropic singlet superconducting state |140] . One year later, L. Caron 
and C. Bourbonnais |141[|142j extending their theory for the generic (TM)2X 
phase diagram to the metallic domain under pressure made the first proposal 
of a gap equation for singlet superconductivity based on an interchain mag- 
netic coupling. While the need for an interchain pairing had been noticed early 
by V. Emery and coworkers (see |143j and |1441ll45j ) the effective attraction in 
the gap equation of the Cooper channel is arising between carriers on neigh- 
bouring stacks as shown in the mean field renormalization theory [142, 14^. 
This attraction is deriving from an interchain exchange interaction overcom- 
ingt the on-stack Coulomb repulsion. However, the renormalization treatment 
of Q-l-D conductors has received more recently a significant improvement, 
taking into account the interference between the diverging Cooper and Peierls 
channels [137]. 

It is recognized that the weak-coupling limit explains fairly well the prop- 
erties of the SDW phases in (TMTSF)2X materials both the suppression of 
the SDW phase under pressure and the stabilization of magnetic field-induced 
SDW phases. The non interacting part of the quasi-one-diniensional electron 
gas model is defined in terms of a strongly anisotropic electron spectrum yield- 
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ing an orthorhombic variant of the open Fermi surface in the a — b plane of the 
Bechgaard salts. The spectrum i?(k) = UF(|fc| — kp) — 2tj_ cos k± — 2t'^ cos 2fcj^ 
as a function of the momentum k = (k, k±) is characterized by an intrachain 
or longitudinal Fermi energy Ep — vpkp which revolves around 3000 K in 
(TMTSF)2X [^[TTH] : here vp and kp are the longitudinal Fermi velocity and 
wave vector. This energy is much larger than the interchain hopping integral 
(~ 200K), in turn much bigger than the second- nearest neighbor trans- 
verse hopping amplitude t'^. The latter stands as the antinesting parameter 
of the spectrum which simulates the main influence of pressure in the model. 
The unnesting parameters of the band structure, tj, and similarly for the 
c* direction both play an important role in the T — P and T — P ~ H phase 
diagrams of (TMTSF)2X. 

First, when exceeds a critical unnesting band integral of the order of the 
SDW transition temperature (~ 15 — ZQK in case of complete nesting p,481 
I149j . the SDW ground state is suppressed in favour of a metallic phase with 
the possibility of restoration of spin density phases under magnetic field along 
c* |150) . Second, the critical temperature for the stabilisation of the SDW 
subphases, TpisDw{H) should be steadily increasing from zero in a 2D con- 
ductor or in a fully nested 3D conductor in the " standard model" |1511I152) . 
However, since the real system is neither 2D nor perfectly nested ( t^>0), there 
exists a threshold field Ht for the appearance of SDW subphases defined by 
Tp TQnur (Ht )=t^ \U8\ . Experimentally the threshold field is of the order of 
2r [l53l[TM] 

Second, within the framework of a weak-coupling limit the problem of 
the interplay between antiferromagnetism and superconductivity in the Bech- 
gaard salts has been worked out using the renormalization group (RG) ap- 
proach |128llll7j as sketched below taking into account only the 2D prob- 
lem. The RG integration of high energy electronic degrees of freedom was 
carried out down to the Fermi level, and leads to a renormalization of the 
couplings at the temperature T |1471ll551ll28| . The RG flow superimposes the 
2kp electron-hole (density- wave) and Cooper pairing many-body processes 
which combine and interfere at every order of perturbation. As a function of 
the 'pressure' parameter t'j_, a singularity in the scattering amplitudes signals 
an instability of the metallic state toward the formation of an ordered state 
at some characteristic temperature scale. At low t'j_, nesting is sufficiently 
strong to induce a SDW instability in the temperature range of experimental 
TsDW ^10 — 20 K. When the antinesting parameter approaches the thresh- 
old t'^ from below {t'^ w 25.4 K, using the above parameters), Tsdw sharply 
decreases and as a result of interference, SDW correlations ensure Cooper 
pairing attraction in the superconducting d-wave {SCd) channel. This gives 
rise to an instability of the normal state for the onset of SCd order at the 
temperature Tc with pairing coming from antiferromagnetic spin fluctuations 
between carriers of neighbouring chains. Such a pairing model is actually sup- 
porting the conjecture of interchain pairing in order for the electrons to avoid 
the Coulomb repulsion made by V. Emery in 1983 and 86 |1431[T45] . 
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The calculated phase diagram with reasonable parameters taking gi = 
(72/2 ss 0.32 for the backward and forward scattering amplitudes respectively 
and (73 ~ 0.02 for the longitudinal Umklapp scattering term captures the 
essential features of the experimentally-determined phase diagram of 
(TMTSF)2PF6 |1281ll38j to be compared with the experimental diagram on 



fig(16l 



Third, Sedeki and Bourbonnais |156] have proceeded to an evaluation of 
the imaginary part of the one-particle self-energy. In addition to the regular 
Fermi-liquid component which goes as low frequency spin fluctuations yield 
T"^ — aT£^, where a is constant and the antiferromagnetic correlation length 
^(T) increases according to ^ = c(T -I- as T ^ Tc, where O is the 

temperature scale for spin fluctuations |156j . It is then natural to expect the 
Umklapp resistivity to contain (in the limit T <C 0) a linear term AT besides 
the regular BT^, whose magnitude would presumably be correlated with Tc, 
as both scattering and pairing are caused by the same antiferromagnetic cor- 
relations. The observation of a T-linear law for the resistivity up to 8 K in 



(TMTSF)2PF6 under a pressure of 11.8 kbar as displayed on fig(13) is there 



fore consistent with the value of (9 = 8K determined from NMR relaxation at 



11 kbar on fig(12| 



3.4-3 SDW conductive fluctuations very close to T^ 

However, these recent studies of the low temperature regime were still unable 
to explain the very particular sublinear behaviour of the resistivity observed 
up to about three or four times Tc when the pressure is located in the very 
vicinity of the critical pressure Pc suppressing the insulating spin density wave 
(SDW) phase in (TMTSF)2PF6 [H^. Therefore, in the vicinity of Pc, two 
precursor regimes can be distinguished, first the SC transition per se which 
is usually rather narrow in temperature, {AT « 0.1 — 0.2K) and second, a 
broader temperature regime above Tc up to about 4K in which the sublinear 
resistivity is observed. 

These two regimes have been reexamined using transport along the trans- 
verse c direction. 

The major problem for the evaluation of an excess conduction coming 
from a collective motion independently of its exact origin is the proper deter- 
mination of the temperature dependence of the background conduction due 
to the quasi particle scattering. Fortunately, such an investigation, carried out 
recently on (TMTSF)2PF6 and (TMTSF)2C104 and summarized in the pre- 
vious Section has led to the determination of this background resistivity with 
a scattering rate behaving linearly in temperature (although not too close in 
temperature to Tc ) and tightly connected to the value of Tc (which can be 
varied by pressure) |1021ll03j . 

Two cases for the approach to superconductivity of (TMTSF)2Xare dis- 



played in fig(17) when the compounds are located in their phase diagram 
close to the critical pressure for the stabilisation of SC. This pressure is real 
for (TMTSF)2PF6 and amounts to 9.4 kbar[l29 l [T30 ] . In (TMTSF)2C104 , it 
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Fig. 17 Temperature dependence of pc for {TMTSF)2PF6 at a pressure close to 10 kbar, 
at zero field (a) and (TMTSF)2{C104){i_x) (Re04)x x = 7% at ambient pressure at zero 
field and under a small magnetic field applied along c* in order to suppress SC (b) . The 
line is the linear fit for the normal state resistivity p„ between 4 and 8 K. 



is more likely a virtual negative pressure since SC is already stable under 
ambient pressure. 



The first case shown on fig(17l is (TMTSF)2PFe under a pressure around 
10 kbar. The second case refers to (TMTSF)2C104 at ambient pressure in 
which Tc has been slightly depressed down to 0.75 K via the pair breaking of 
a controlled amount of non magnetic defects jlOOj . see Sec (3.2). 

We notice that in a material such as (TMTSF)2PFe where superconduc- 
tivity arises in the neighborhood of a SDW ground state stable below the crit- 
ical pressure Pc we can anticipate for the metallic phase above Pc a remnence 
of fluctuating SDW^s at low temperature. Actually, these low frequency AF 
fluctuations {q — 2kp) are well known to contribute to the nuclear spin-lattice 
relaxation below 20 K or so|95]. Accordingly, they may be able to provide 
additional conductivity very much like incommensurate fluctuating CDW^s 
contribute in a low dimensional metal above the Peierls transition 23] given 
the incommensurate character of the SDW firmly established by the observa- 
tion of a double horn shape of the NMR spectrum in (TMTSF)2PF6 [TF7| . 
The depression of the resistivity below 3 K is insensitive to the application of 
a magnetic field even up to 5 T albeit strongly suppressed by non magnetic 
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Fig. 18 Paraconductive contribution characterised by Aa [e ={T — Tc)/Tc = 
0.2) (star symbols) in the precursor regime, versus Tc in the alloy series of 
(TMTSF)2(C104)(i_x) (Re04)x samples at 1 bar. The sample x=0.1 is superconducting 
whereas the one x=0.08, is not superconducting above 0.1 K although still displaying some 
fluctuating SDW conduction. This is nothing more that the indication that the nominal 



large concentrations. 



defects. This feature enables to rule out any superconducting origin. It be- 
comes then quite sensible to attribute it to the sliding of SDW fluctuations 
contributing to the paraconductivity Aa.We can ascribe the drop of SDW 
paraconductivity displayed on fig( 18 1 in doped samples to the net effect of 
pinning centers. 

Substituting Re04 to CIO4 amounts to a decrease of the mean distance be- 
tween impurities. When the mean distance becomes comparable to the SDW 
coherence length, the impurity pinning suppresses Aa heavily [33]. Data for the 
SDW coherence length support this explanation since the zero-temperature 
longitudinal length ^oa is of order of 32 nm in (TMTSF)2PF6 [HH] 44 
times the distance between CIO4 anions. Consequently, it is reasonable that 
the SDW is pinned by defects when the mean distance between pinning cen- 
ters ^7.3 nm (for 10% doping) is four times smaller than the coherence length 
leading in turn to a decrease of the fluctuation conduction independently of the 
current direction. The existence of a non perfect CIO4 anion ordering in pure 
(TMTSF)2C104 may also be the origin for a SDW paraconductivitng conri- 
bution appearing to be smaller in (TMTSF)2C104 than in (TMTSF)2PF6 . 



4 Summaryzing, magnetism everywhere 

(TMTSF)2PF6 - Most remarkable electronic material ever discovered. If Paul 
Chaikin says so on his personal Web site |159| . it must be true because Paul is 
rarely wrong with his statements. 

These superconductors are starting with materials where correlations and 
Umklapp scattering render the low dimensional electron system truly one di- 
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mensional as displayed by the ID Mott localization on the left part of the 
generic diagram, fig([5]). We may call this regime the strong coupling limit of 
the diagram. As pressure enhances the bare interstack coupling, ID Mott local- 
ization is quickly suppressed when the Mott gap and the transverse coupling 
are of the same order. Then begins the weak coupling regime of the phase 
diagram with a Fermi surface whose nesting is responsible for the onset of a 
weak itinerant antiferromagnet at low temperature (the SDW state) leading 
in turn to an insulator since nesting of the Fermi surface is nearly perfect. 
Increasing the transverse coupling still further under pressure suppresses the 
SDW phase to the benefit of a metallic state becoming superconducting at 
low temperature. 

However, superconductivity is not emerging from a Fermi liquid. NMR ex- 
periments reveal the existence of AF fluctuations dominant in the hyperfine 
1 /Ti at low temperature. Measurement of the spin susceptibility via relaxation 
data also reveal the 2D nature of these fluctuations. 2D AF fluctuations are 
actually governing the low temperature transport and the onset of supercon- 
ductivity, both being tightly connected. 

The weak coupling RG theory of the QID electron gas developed by Bour- 
bonnais and his colleagues does reproduce very nicely most experimental fea- 
tures. Interestingly, they came to the conclusion that the two types of order are 
intimately connected namely, the non trivial result that antiferromagnetism 
and superconductivity love each other! Cooper pairing reinforces SDW corre- 
lations. AF fluctuations are also responsible for the linear-T resistivity which 
should increase as pressure approaches a magnetic quantum critical point. 
Actually the QCP is probably unaccessible for (TMTSF)2PFe since it may 
correspond in terms of pressure to the zero temperature extrapolation of the 
SDW transition line. Hence Pqcp is likely to be smaller than P^. hidden 
inside the S'£)W/Metal(S'C) coexistence regime [112111301, A very de- 

tailed reinvestigation of the coexistence regime under pressure should be quite 
a worthwhile experimental program. For such a study helium gas would be 
a particularly well adapted pressure medium since this could allow a very 
fine control of the pressure without warming the whole pressure cell up to 
room temperature between each runs. Admittedly, the study of Seebeck and 
Nernst coefficient in (TMTSF)2PF6 under pressure should be very rewarding 
experiments [IMITBT] . For (TMTSF)2C104 the QCP is likely to be located at 
a negative pressure. This experiment is obviously impossible but an uniaxial 
elongation experiment has shown that an insulating ground state can be reac- 
tived in the relaxed state of (TMTSF)2C104 when some elongation is applied 
along the h direction [162j leading to a decrease of the h interchain coupling. 
When this coupling becomes smaller than the critical value stabilizing the 
metallic phase a SDW ground state is likely to be stabilized. 

It is worth noting that the non Fermi liquid properties of the metallic 
background of Bechgaard salts prior to the onset of superconductivity may 
be quite a general behaviour when magnetism is close to superconductiv- 
ity as noticed in reference [102], see also |163j for a review. For instance, 
the phase diagram of the iron-pnictide superconductors Ba(Fei_a;Co2;)2As2, 
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Fig. 19 Detailed determination of the phase diagram of (TMTSF)2PF6 under zero mag- 
netic field from resistivity measurements in the coexistence domain, according to refs |130l 
I129| . It is hard to tell where Pqcp could be located in this diagram but possibly in the 
region C of the figure. 



with its adjacent semi- metallic SDW and superconducting phases [T64lll65j . 
presents a striking family resemblence with the diagram of (TM)2X. Com- 
parison with the resistivity data of Fang et-al [164] and Chu et-al |165j on 
the pnictide superconductor Ba(Fei_j;Co2:)2As2 suggests that the findings on 
(TMTSF)2PF6 and (TMTSF)2C104 may be a more general property of metals 
near a SDW instability. The phase diagram of Ba(Fei_a:Coa;)2As2 |165Lll64j . 
is similar to that of (TMTSF)2PF6 , with Tsdw and T^both enhanced by a 
factor of about 20, and just above the critical doping where Tsdw ~^ (at 
X « 0.08), its resistivity is purely linear below 125 K, down to at least Tc « 25 
K, see fig(20). Furthermore, in the context of high-Tc cuprates, it has long 
been known that the low temperature resistivity of strongly-overdoped non- 
superconducting samples has the form p{T) = po + BT^, as in Tl2Ba2Cu06-i-5 
(Tl-2201) at p = 0.27 [166! and La2^:rSr:,Cu04 (LSCO) at p = 0.33 [l67]. It 
was also shown that the evolution of p{T) from p(T) = po + AT near optimal 
doping to p{T) = po+BT^ at high doping is best described by the approximate 
form p{T) = PO + AT + BT'^ at intermediate doping [TOHlfTB^ . 

Recently, a linear resistivity at low temperature has been observed in high- 
field resistivity data on overdoped Nd-LSCOdZOl and LSCO [HI] and it 
was emphasized that the A coefficient in hole-doped cuprates also correlates 
with Tc , vanishing close to the point where superconductivity disappears [1701 
117111163] . Electron-doped cuprates provide an other situation where a T-linear 
resistivity and the proximity of an antiferromagnetic regime prevail in their 
phase diagram when Ce doping is varied. The resemblence between La2-xCexCu04 
and (TMTSF)2PF6 has been acknowledged recently 11721 supporting earlier 
observation made on Pb9-yCe^CuO/i [173j . However, in the case of electron- 
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Fig. 20 Phase diagram of Ba(Fci-a:Coa;)2As2 pnictides according to Fang et-al ll64] . Notice 
the close resemblence with fig(|16|. 



doped cuprates there still remains some uncertainty regarding the exact loca- 
tion of the QCP in their phase diagram |172j . 



5 Conclusion and organic superconductivity in 2012 

I have tried to show in this short presentation why the research on organic 
superconductors has been initiated and why it has started in the seventies in 
the context of a search for high temperature superconductivity boosted by two 
stimulating results. 

First, a model suggested in 1964 by W. A. Little based on a phonon- 
less electron pairing leading to high Tc organic superconductivity. It is worth 
citing V.L.Ginzburg jl74j : / believe that it was undoubtedly the discussion of 
the possible exciton mechanism of superconductivity that stimulated the search 
for such superconductors and studies of them. Ginzburg was thinking at the 
Little's proposal and the organic superconductors and intercalated layered 
superconductors which came later. 

Second, the claim made by the Penn group in 1973 for precursor signs of a 
phonon-mediated superconductivity in the first organic conductor TTF-TCNQ 
just above the onset of a one dimensional metal insulator Peierls transition in 
TTF - TCNQ , the first organic metal. 

The model of Little and the claims of the Penn group were probably 
overemphasized, but boosted the whole field at its start. The discovery of 
superconductivity in the organic salt (TMTSF)2PFg in 1980 has shown how 
interesting this class of ID organic conductors materials can be for the study 
of the physics of low dimensional conductors. 

Research on organic superconductors has certainly been somehow over- 
shadowed by the equally fascinating oxides and pnictides superconductors ex- 
hibiting supercondivity at much higher Tc but Ginzburg had quite a pragmatic 
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approach to organics when he wrote again : the organic superconductors are 
clearly interesting by themselves or, to be more precise, irrespective of the high 
Tc problem . 

High pressure has played a determining role for this discovery as often in 
the field of superconductors and governs the variety of phenomena which can 
be studied in a single sample keeping both the structure and the chemical 
purity constant. Furthermore, pressure is governing their physical properties, 
ID Mott and Wigner localization and the wealth of various instabilities at low 
temperature which have shown how organic conductors compare fairly well 
in terms of scientific interest with the celebrated class of high Tc cuprates. 
In particular, the interplay between the Mott-driven localization of the ID 
correlated electron gas and the 2D deconfinement under pressure is an issue 
central to the dimensionality crossover and also how the restoration of a Fermi 
liquid is achieved in quasi-one-dimensional conductor. 

In such a brief account I could not go through the detailed physical prop- 
erties of the Bechgaard and Fabrc salts scries of organic superconductors but 
the generic phase diagram that was gradually built over the years around these 
two series of compounds under either hydrostatic or chemical pressure stands 
out as a model of unity for the physics of low dimensional correlated systems. 
Much effort went to explain the multifaceted phase diagram of (TM)2X as 
a whole, an attempt that also proved to be an active quest of unity for the 
theory. 

At the starting point of the study of the Bechgaard salts more than thirty 
years ago, superconductivity was certainly one of the hardest part of the phase 
diagram to both explain and characterize. The mechanism of organic super- 
conductivity in quasi-one-dimensional molecular crystals has been a related 
key issue in want of a satisfactory explanation for several decades. The state- 
ment of P.W. Anderson when he was interviewcid a few years ago in a Physics 
Today issue dedicated to superconductivity, mentioning organic superconduc- 
tors was: These are still a complete mystery. Hopefully, this has probably to 
be revised in the light of the recent experimental advances which confirm the 
non conventional nature of superconductivity in (TM)2X, as shown by the 
symmetry of the superconducting order parameter, as well as the issue of the 
presence and location of nodes for the gap which have now emerged from the 
experiments. 

From a theoretical view point it is clear that electron correlations have 
walked in the superconducting pairing problem. The extensive experimental 
evidence in favor of the systematic emergence of superconductivity in (TM)2X 
just below their stability threshold for antiferromagnetism has shown the need 
for a unified description of electronic excitations that lies at the core of both 
density-wave and superconducting correlations. In this matter, the recent pro- 
gresses achieved by the renormalization group method for the 1D-2D electron 
gas model have resulted in definite predictions about the possible symmetries 
of the superconducting order parameter when a purely electronic mechanism 
is involved, predictions that often differ from phenomenologically based ap- 
proaches to superconductivity but are in fair agreement with the recent ex- 
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perimental findings. Although one can never be hundred percent sure at the 
moment, as far as recent results on ID organic superconductivity are concerned 
magnetism and superconductivity cooperate. 

What is emerging from the past work on these prototype ID organic su- 
perconductors is their very simple electronic nature with only a single band 
at Fermi level, no prominent spin orbit coupling and extremely high chemical 
purity and stability. They should be considered in several respects as model 
systems to inspire the physics of the more complex high Tc superconductors, 
especially for pnictides and electron-doped cuprates. Most concepts discov- 
ered in these simple low dimensional conductors should be very useful for the 
study of other low dimensional systems such as carbon nanotubes or artificial 
ID structures, etc, The pairing mechanism behind organic superconductiv- 
ity is likely different from the proposal made by Little but it is nevertheless a 
phonon-less mechanism, at least in (TM)2X superconductors . 

Of course, such a short overview is missing several of the very important 
aspects of the physics of ID conductors namely, the magnetic field confinement 
discovered in the ID's leading to the phenomenon of field induced spin den- 
sity wave phases [T75lll76l[T77] and the quantization of the Hall effect in these 
phases [l54lll53lfT5T] . Furthermore, the angular dependent magnetoresistance 
specific to these anisotropic conductors [Mlll78j . (see |179) for a recent sur- 
vey), the so-called Lebed-Osada-Danner-Chaikin oscillations in (TMTSF)2X 
provide a nice illustration for the new features of the quasi-lD conductors [THS]. 

Given the experimental constraints and difficulties tied to the use of ex- 
tremely low temperature and high pressure conditions in (TM)2X, their prop- 
erties will certainly continue to attract major experimental efforts in the next 
few years. 

Let me tell the coming generation, there is still plenty of food for thought 
in research on organic superconductivity\ 
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Professor Friedel has always supported and encouraged us with his wise 
advices and clever suggestions. This period has also been remarkably fruitful 
for the cooperation between chemists, theoreticians and experimentalists. I 



Organic Superconductors: when correlations and magnetism walk in 



37 



wish to address my sincere and deepest thanks to all my co-workers not only 
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to address my warm thanks to Professor Yonezawa who has contributed to 
fig(ll| deriving from his recent illuminating results [TUT]. 
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